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The organelles in a eukaryotic cell
are linked by a constant flow of
vesicles, budding off from one
organelle and fusing with another
[1]. If unregulated, this traffic
would randomise the contents of
the organellar membranes. To
prevent this happening, the cell
has mechanisms for selecting
which molecules of lipid and
protein are allowed to enter the
budding vesicles. The process of
vesicle budding is known to
involve a complex set of protein
interactions, but is an important
role also played by the lipid
component of the membrane? An
elegant new study by Roux et al.
[2] has shown that lipids can be
sorted into vesicles in the
absence of any membrane
proteins, suggesting that lipids
are active partners in the vesicle
budding process.
The starting point for these
studies was a previous paper [3]
which showed how membrane
tubes can be pulled from giant lipid
vesicles. It has long been known
that membrane tubes of 60–80 nm
diameter extend out of the Golgi
complex, formation of the tubes
probably involving an interaction
between the membrane and the
cytoskeleton. In their earlier paper,
Roux et al. [3] showed that kinesin
could be used as a motor to pull
similar tubes from giant — up to
50 µm diameter — lipid vesicles. A
small amount of biotin-labelled
lipid in the giant vesicles was
linked to biotin-labelled kinesin by
polystyrene beads coated with
streptavidin (Figure 1). In the
presence of a glass plate coated
with microtubules, membrane
tubes were formed when ATP was
added and the kinesin motors
moved along the microtubules.
Satisfyingly, the tubes had a
diameter of about 40 nm,
comparable to the diameter of a
Golgi tubule.
In their latest paper Roux et al.
[2] found that, when specific
sequences A–A and X–X in the Y
maze, both the sample and the
context in which it is placed
acquire reinforcing properties,
and further that a novel sample
placed in that context also
becomes temporarily reinforcing.
The win–stay mechanism will then
mean that the same familiar or
novel stimulus seen a few
seconds later in the decision
chamber looks more attractive
than the other stimulus and so is
chosen more often.
The argument is perhaps
reversible for generalisation with
non-matching to sample. In this
case, the comparison pattern that
matches the sample pattern is
aversive. The aversion propagates
back to the sample pattern,
making the sample and the
context in which it is placed also
slightly aversive. Consequently,
the bees’ subsequent choice of
comparison pattern becomes
biased away from the sample.
From this perspective, it seems
worth testing whether bees might
perform delayed matching to
sample without any explicit
training on that task. Suppose that
an indicator stimulus and its
context both acquire reinforcing
properties when bees are trained
in a Y maze with two sequences,
each containing different items,
such as A–B and X–Y. Will a bee,
having learnt A–B and X–Y, then
generalise without further training
to the sequences A–A and X–X?
When in tests B and Y are
replaced by A and X, will bees on
seeing A as the sample choose A
over X in the maze? And might
they also perform correctly when
they encounter novel sequences
(C–C and Z–Z)?
Rich, empirical knowledge of
complex bee behaviour is
accumulating apace and it is
becoming ever more interesting to
search for the essential
differences and similarities
between the behaviour of bees
and of bigger brained vertebrates.
Over time it should become
clearer in what conceptual
framework the discoveries on
bees are best placed, and when it
helps to use the language of
cognitive psychology.
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Lipid Sorting: Lipids Do It on Their
Own
How are lipid molecules sorted between organelles in eukaryotic cells?
A recent paper shows that the work needed to bend a membrane and
form a vesicle is sufficient to sort lipid molecules.
conditions were met, the lipid
composition of the tubes was
different to that of the starting
giant vesicles, and that the tubes
could be induced to break up into
small vesicles. The conditions
required to observe these effects
were the presence of lipids that
can form what have come to be
referred to as ‘rafts’. In a lipid
vesicle composed of a mixture of
dioleoylphosphatidylcholine,
cholesterol and sphingomyelin,
strong association between the
cholesterol and sphingomyelin
can cause regions enriched in
cholesterol and sphingomyelin to
separate from regions enriched in
dioleoylphosphatidylcholine.
These regions, or domains, differ
in their physical properties; the
regions enriched in
dioleoylphosphatidylcholine are in
a fluid state referred to as the
liquid-disordered state (Ld),
whereas the regions enriched in
cholesterol and sphingomyelin are
in a more ordered state, referred
to as the liquid-ordered (Lo) state
[4], or as rafts. The two types of
domain can be distinguished
using fluorescence microscopy; a
fluorescently labelled
phosphatidylcholine partitions
preferentially into Ld domains
whereas the ganglioside GM1
partitions preferentially into the Lo
domains where it can be detected
from the binding of a fluorescently
labelled cholera toxin.
When tubes were pulled from
giant vesicles containing Lo and
Ld domains, they were found to
be pulled from the Ld domains
and to be composed of Ld lipid
(Figure 1). This is because more
force is required to form a tube
from Lo lipid than from Ld lipid, as
it is more difficult to bend Lo lipid
than Ld lipid. Tubes pulled from
giant lipid vesicles that had not
separated into domains were
found to be enriched in
phosphatidylcholine and depleted
in sphingomyelin and cholesterol,
the reason again being that
membranes rich in
phosphatidylcholine are easier to
bend than those rich in
cholesterol and sphingomyelin.
The first conclusion drawn by
Roux et al. [2] was therefore that
forming highly curved structures
with diameters comparable to
those found in transport
intermediates, such as
endosomal and Golgi tubules, can
lead to sorting of lipid molecules.
Roux et al. [2] also observed
that tubes would break up into
vesicles if Lo and Ld domains were
created in a tube that previously
had not separated into domains.
Domain formation in the tubes
could be induced using
photooxidation to reduce the
cholesterol concentration in a
tube that initially contained too
high a cholesterol concentration
to form domains. Tubes were
observed to break at the
boundaries where the Lo and Ld
domains met. Fission at domain
boundaries follows from poor
packing of the lipid molecules at
domain boundaries [5]; domains
of Lo and Ld lipid have different
thicknesses and so, to prevent
exposure of the hydrophobic core
of the lipid bilayer to water, lipid
molecules at the boundaries
between domains have to tilt,
stretch or compress to match the
Lo domain to the Ld domain
(Figure 2). This requires work, but
the amount of work required can
be reduced by reducing the area
of the interface between the Lo
and Ld domains, for example, by
forming a bud or by forming a
separate vesicle (Figure 2). There
is however a cost associated with
forming a bud or separate vesicle,
the cost of curving the membrane.
The experiments of Roux et al. [2]
show that the cost of forming a
vesicle of Ld lipid from a tube is
less than the cost of having a
boundary between Lo and Ld
domains in the tube.
How does all this relate to
eukaryotic cells? The Golgi
membrane contains
sphingomyelin, which is
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Figure 2. Effects of the
boundaries between
domains of Ld and Lo lipid.
(A) Bilayers of Lo lipid are
thicker than those of Ld lipid,
so that lipid molecules at the
interfaces between Lo and
Ld domains will be tilted,
stretched, or compressed.
(B) Forming a bud or a sepa-
rate vesicle reduces the
interfacial area between Lo
and Ld domains.
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Figure 1. Tubes of 40 nm
diameter can be pulled from
giant vesicles using beads
linked to kinesin moving
along microtubules.
If the giant vesicles contain
domains of liquid-ordered
(Lo) and liquid-disordered
(Ld) lipid then the tubes are
pulled from the Ld domains
and the tubes contain just Ld
lipid.
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Protein import by mitochondria
makes use of a series of
molecular machines located in the
outer and inner mitochondrial
membranes [1–3]. One of these, a
protein translocase in the outer
membrane called the TOM
complex, is responsible for
translocation of every substrate
protein into mitochondria. Some
will be sorted to the outer
membrane, some to the
intermembrane space, while most
have an amino-terminal targeting
sequence that will enable their
subsequent transfer to the TIM23
complex in the inner membrane.
The TIM23 complex handles the
import of two types of substrate
protein. Some have stop-transfer
sequences that cause their entry
but then an arrest in the inner
membrane. However, most of the
substrates entering the TIM23
complex are translocated through
the inner membrane into the
matrix. How the TIM23 complex
can manage these distinct modes
of transport was not clear, but
now Chacinska et al. [4] have
shown that Tim21 is a key
component in modulating the
TIM23 complex and in tethering
the TOM and TIM23 machinery.
Tim21 Binds Tom22 to Tether the
TOM and TIM Complexes
Mitochondrial targeting
information is encoded in basic
and amphipathic sequences of
precursor proteins, recognized in a
step-wise manner by domains of
the TOM and TIM complexes [5].
Targeting sequences are first
bound by surface receptors of the
TOM complex and then
transferred into its translocation
channel. Detailed work using
isolated outer membrane vesicles
showed subsequent binding of the
substrate’s targeting sequence to
a ‘trans site’ [6]. In intact
mitochondria, this trans site would
be within the intermembrane
space. Further studies, using
diverse substrate proteins showed
the carboxy-terminal domain of
the receptor protein Tom22
contributes to this trans site [7–9].
Tim21 is a subunit of the TIM23
complex that binds the carboxy-
terminal domain of Tom22 [4]
(Figure 1). The interaction is
sufficiently stable that the TOM
complex can be pulled down from
detergent-solubilized
mitochondrial extracts on agarose
beads to which the intermembrane
space domain of Tim21 is fixed.
When a substrate protein is
arrested in contact with Tom22,
these ‘occupied’ TOM complexes
are not stably bound to Tim21.
Tim21 appears to act on Tom22
some time after the binding of
substrate protein, tethering TOM to
the TIM23 complex and promoting
the discharge of substrate.
Two forms of the TIM23 complex
are now known to exist: one form
contains Tim21, while the other
lacks Tim21 and instead contains
subunits of the PAM complex [4].
In a dynamic sense, Tim21 is
needed at an early stage for
tethering and promoting transfer of
the substrate to the TIM23
complex, but disengages from the
complex at a later stage (Figure 1).
The PAM complex is the motor
that drives substrate translocation
into the matrix, and is composed
synthesized in the Golgi,
phospholipids, and cholesterol [6].
If the Golgi membrane has a
composition close to that required
for the separation of Lo and Ld
domains, then formation of Ld-rich
vesicles could be triggered by
anything that favours the
formation of a curved structure, in
the same way that reduction of
the cholesterol level in the
experiments of Roux et al. [2]
favoured vesicle formation by
creating Lo and Ld domains with
unfavourable boundary packing.
In the Golgi, the trigger could be
the binding of the COPI coat,
which is known to favour a curved
membrane surface [7] and,
indeed, COPI-coated Golgi
vesicles do have reduced levels of
sphingomyelin and cholesterol [8].
Of course, this leaves open the
question of how sphingomyelin
and cholesterol rich vesicles are
formed and targeted to the apical
surfaces of epithelial cells [6].
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Protein Targeting: Entropy, 
Energetics and Modular Machines
New light is being shed on the mechanism of protein import into
mitochondria. The inner membrane translocase can switch between
modes of translocation, and assists what might be an entropic device
to drive the initial entry of substrate proteins across the outer
membrane.
